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Abstract

Background levelsin detectorsand radiation problemsat futurecolliders—
whether pp, e"e™ or uTu~—are in large part determined by the presence of
muons. Neutrinos from muon decay at muon colliders or storage rings are
highly collimated and propagate outward within anarrow disk inwhich signif-
icant radiation doses persist out to very large distances. This paper highlights
physics models and Monte Carlo agorithms developed mainly for studying
these problems as well as some typical results.
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1 Introduction

High Energy Physics codes do an excellent job of simulating interactionsof el emen-
tary particles with nuclei and electrons which occur in a detector and its immediate
environment. HEP experiments demand that the detector geometry be represented
in great detail and require events to be smulated in analog fashion. Thisis nec-
essary to discriminate against spurious signals as well as to study fluctuations and
correlations. But the same reasons make such codes less suited for studying a host
of problems which need only averaged results for their resolution, e.g., radiation
environment and generic detector backgrounds. Although thereisalot of common
ground between these two approaches, radiation oriented codes can take advantage
of weighted Monte Carlo (MC) agorithms—based on inclusive reaction cross sec-
tionsvis-a-visfull event generators—and of simplified descriptions of the geometry
and magnetic environment. This resultsin great savings in programing effort and
execution times. Note, however, not all fluctuations can beignored in radiation type
problems, e.g., fluctuationsin energy loss and multiple scattering of muonstravers-
ing soil largely determine the spatial distribution of radiation dose. At high energy
hadron and | epton colliders muons often determine background and radiation levels.
With new proposals for muon colliders (upC) and storage rings (LSR) actively un-
der study, muons and—surprisingly—neutrinos play an increasingly important role
inradiation physicsproblems. This paper briefly summarizesour recent work inthis
area

2 Muon Production

Muons are produced in hadronic cascades mainly via decay of pions and kaons. If
space is present to allow mesons to decay before interacting, this decay will tend
to dominate all other muon production. In asolid target * prompt’ muons may play
amore important role. The physical model [1] for the prompt component includes
muons from D-mesons, vector mesons (p, @, w,J/W), N, n’-mesons along with pro-
duction via Drell-Yan and low mass continuum annihilation. Muons are less plen-
tiful in electromagnetic showers (EMS): Bethe-Heitler pp pairs with lesser contri-
butions from vector mesons produced by yA interactions and positron annihilation.
There is coupling between both types of cascades. generation of EMS viadecay of
0 produced in hadronic cascades and conversely—but to a much lesser extent—
from hadrons produced in yA interactions. At lepton machines muons from EMS
obviously dominate.



3 Muon Interactions

lonization Energy Loss. The conventional approach to muon energy loss due to
atomic excitation and ionization assumesit occurscontinuoudly at arate equal tothe
mean stopping power for charged particlesin the material traversed. In certain Sit-
uations fluctuations may be important since they affect the energy subtracted from
the muon, the number of energetic electrons (d-rays) produced in the material, or
muon energy-angle correlations introduced by close pe~ encounters. To include
these fluctuations and correlations in the MC an energy-transfer cut-off, €, isin-
troduced. Events below €. are treated collectively as a continuous, ‘restricted’ en-
ergy loss, aboveit eventsaretreated by simulating individual pe (Bhabha) scattering
with full energy-anglecorrelation[2, 3]. Even therestricted energy lossissubject to
fluctuations, which depends on &, and follows a Vavilov-type distribution[2]. The
latter isdifficult to evaluate and to sample from in the MC but it approaches a Gaus-
sian with decreasing €c. Independent of energy, material or thickness traversed, the
quality of the Gaussian approximation is governed by the average number of events
(Kn) one chooses to eval uate individually and becomes acceptabl e for most purposes
when K >10[3]. A modified Gaussian (Edgeworth series) provides a better fit at
al values of kK, > 1 and retains ease of MC sampling [4]. The number of events
simulated is chosen from a Poisson distribution with mean of K.

Coulomb Scattering. The conventional approach to multiple Coulomb scatter-
ing assumes a Gaussian distribution in projected angle with zero mean and standard
deviation dependent on muon momentum and material traversed. It can be shown
that the Gaussian increasingly underestimates the tails of the distribution beginning
at about 20 [5]. A more accurate treatment is provided by the Moliere distribution.
However, nuclear form factors must be included [6] to describe the correct angular
distribution. These objections may be overcome by an approach similar to that of
muon energy loss. below cut-off, B¢ treat all events collectively while those with
0 > 6. are treated individually. With decreasing 6. the collective distribution ap-
proachesa Gaussian while selection of individua events (Rutherford scattering with
form factor) iseasily adapted to MC selection. Herealso using the Edgeworth series
instead of the Gaussian significantly improves accuracy and/or reduces the number
of eventstobetreatedindividually [4]. The Edgeworth seriesisconsiderably simpli-
fied here by the symmetry of the underlying distribution about zero. In both collec-
tive and event-by-event treatments, scattering of muons with atomic electrons must
be included in a manner consistent with the ionization loss agorithms. The differ-
ence between el ectron and nuclear mass strongly affectsthe kinematicsof individual
collisons,

Radiative Processes. For muons with energies above a few hundred GeV,
bremsstrahlung and direct e"e~ production dominate ionization losses especially
in heavy materials. Differential cross sections presented in the literature for these
processes are too complicated to serve in MC selection routines. Instead these for-



mulae are approximated by parameterizations for which selection is more easily
performed [3, 7, 8]. The modd [9] used in MARS [10], agrees with experimental
data[11] within afew %. In many applications one requires only the cross-section
with respect to energy loss and angular deflection of the muon. Where detailed en-
ergy deposition isimportant one a so needs approximationsto the angle of the emit-
ted photon in bremsstrahlung and of the angles and energy division of e* and e~
in pair production [7]. Thereafter these produced particles are traced using MARS.
Radiative processes of muons on atomic electrons are also included.
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Figure 1: Fractional energy loss probabilities of muonsiniron [12]

Deep Inélastic I nteractions. Aswiththeradiative processes, simulation of deep
inelastic (photonuclear) muon interactions relies on parameterizations of more ac-
curate descriptions. Existing modelsfor this process are consistent only at the 30%
accuracy level whilethe corresponding mean energy lossisat most 10% of thetotal.
Fig. 1 shows the probability of fractional energy lossfor high energy muonsiniron
due to the various mechanisms as cal culated with MARS.



4 Muon Radiation

The MARS code serves well to estimate generic backgrounds due to muonsin HEP
detectors [13] and to study for multi-TeV radiation shielding [14]. To illustrate
the latter, Fig. 2(left) shows transversely integrated fluxes in rock downstream of
the 7 TeV LHC beam dump of muons and particles produced in their interactions.
Hadrons accompanying the muons can be asource of rock and ground-water activa-
tion far from the proton beam dump though therateisrather low. Inthe LHC arcs—
both for operational and accidental beam loss—muons are generated and traced
through the lattice elements over about 350 m length. The magnet geometries and
the influence of the field in the aperture as well as in the magnet structure results
in an interesting pattern of dose contours in the surrounding rock (Fig. 2(right)).
Muons are observed as far as 1.5 km outside the ring in the orbit plane where they
contribute—al ong with the accompanying particles—to both dose and radioactiva-
tion.

At ppC secondary muons determine radiation shielding in the first tens of me-
ters outward of the tunnel. Where beam is dumped the muons cause a significant
dose up to 3.5 km downstream [15]. Hadrons from interactions along the muon
tracks produce radionuclides in the soil. For a2 TeV muon extracted beam 3H and
2’Na concentration in ground water within a cylinder 2.5 km long and 2 m in ra-
dius could exceed regulatory limits. Therefore, care should be taken to protect any
nearby drinking water supplies.
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Figure 2: Transversely integrated flux of muons, e"e~, and hadronsin rock down-
stream of LHC beam dump (left) and isodose contours (Sv/proton) in horizontal
planefor a7 TeV beam accident in LHC arc starting at X=2=0; solid line represents
arc



5 Neutrino Interactions

Neutrinos interacting in the human body or its immediate surroundings produce
charged particleswhich may causebiological harm. Insimulating theseinteractions,
a neutrino interaction model is called upon which permits selection of energy and
angle of each particle: v, e, 1 and hadronsinvolved in theinteraction [16] on an in-
clusive basis. These particles are then further processed by MARS. The interaction
model distinguishes four types of neutrinos (v, vy, Ve, Ve) and identifies a number
of interactionsfor each type of neutrino: deep inelastic interactionsviaboth charged
and neutral currents, neutrino-nucleon el astic and quasi-el astic scattering wherepro-
ton and neutron targets (within a nucleus) are distinguished, neutrino interactions
with atomic electrons, and coherent elastic scattering off anuclear target. All these
interactions produce a lepton (v, e, or W) in the final state. To first approximation,
the formulaefor the energy and angle of thelepton are simple enough for usein MC
selection. Once selection of the lepton is made, (vectorial) momentum is balanced
by imparting the missing momentum to the target nucleon, nucleus or electron. For
deep inelastic scattering momentum is balanced by a single rtwhich is then forced
to interact in the target nucleus after which the reaction products are followed by
MARS.

6 Neutrino-Induced Radiation

Sofar, in al cases studied where neutrino induced radiation may be a problem, the
‘source’ of the neutrinosis a upC or PSR so that energy and direction of the decay
v are readily obtained. These neutrinos propagate almost tangentially to the muon
direction in a relatively narrow disk with negligible attenuation. Dose at a given
location grows with muon energy roughly as E® due to three factors: increase with
E of the neutrino interaction cross section and of total energy deposited while the
decay angle decreasesroughly asmy, /E. Transverse dimensionsof the neutrino disk
may be smaller than human dimensi onsand one must distinguish between maximum
and whol e body dose which has legal aswell computational ramifications. A useful
concept is that of equilibriumdose, i.e. doseis proportional to neutrino fluence in
the vicinity of its maximum. This applies when a minimal thickness of material (a
few meters of soil or equivalent) is present immediately upstream of the * phantom’
to which dose is delivered so as to allow the v-induced cascades to develop fully in
the material. The ‘non-equilibrium’ dose, calculated for a bare phantom, is much
less than the equilibrium dose—a factor of three at 1 GeV and up to three orders
of magnitude for 10 TeV neutrinos. Neutrino doses become surprisingly large for
some of the more ambitious muon devices contemplated. For proposed uSRIocated
underground, the off-site dose limit of 0.1 mSv/yr is met 50 m outward from the
arc tunnel, but downstream of a 600-m long straight section only at 1.8 and 4.2 km
for the 30 and 50 GeV uSR, respectively (Fig. 3(left)). Fig. 3(right) shows thelarge



distances (up to 60 km) required to reduce neutrino dose to acceptable level s around
ahigh energy ppC if no other precautions are taken.
This work was supported by the U.S. Department of Energy.
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Figure 3: Annual maximum dose equivalent (mSv/yr) in a phantom embedded in
soil vs distance downstream of 30 and 50 GeV pSR straight sections (left) and in a
HUC orbit plane with 1.2x10%! decays per year vs distance from ring center (right)
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